Individuals with a heterozygous mutation at the ataxia-telangiectasia-mutated gene (ATM) have been reported to be predisposed to ischemic heart disease. This report examined for the first time the effect of a heterozygous ATM mutation (ATM /ApoE -/-mice. These novel results suggest that the product of ATM is involved in an ApoE-independent pathway for catabolism of apolipoprotein B48-carrying remnants, and therefore superimposition of a heterozygous ATM mutation onto an ApoE deficiency background reduces the clearance of apolipoprotein B48-carrying lipoproteins from the blood circulation, and promotes the formation of atherosclerosis.
INTRODUCTION
The product of the ataxia-telangiectasia mutated gene (ATM) has been previously reported to be a nuclear protein and involved in several signaling pathways including DNA damage recognition, cell cycle control and meiotic recombination (for review, see ref. 1) . It is now known that a fraction of ATM is also present in the cytoplasm and associated with vesicular structures such as peroxisomes (2) . Ataxia-telangiectasia patients, i.e., those individuals carrying mutations at both ATM alleles (ATM -/-), express a variety of progressive clinical symptoms such as cerebellar ataxia, telangiectasias and high incidences of cancer (for a review, see ref.
3). Cells obtained from ataxia-telangiectasia patients are more sensitive to ionization radiation and show increased chromosomal aberrations when compared to those obtained from normal subjects (4) .
Individuals with an ATM mutation in one allele (ATM +/- ) are spared most of the symptoms of the disease, but are predisposed to cancer (5) . A close review of the literature suggests that heterozygous ATM deficiency might also elevate the risk of atherosclerosis-related cardiovascular diseases. For example, Swift and Chase (6) reported that the age-related mortality of heterozygous ATM carriers was remarkably increased when compared with the general population, and that ischemic heart disease was one of the underlying causes for the early death of these individuals. Ataxia-telangiectasia patients reportedly have increased plasma cholesterol and triglyceride levels (7), which are the two major risk factors for atherosclerosis. However, ataxia-telangiectasia patients do not usually live past 20 or 30 years of age, and atherosclerosis has not been studied in these individuals.
More recently, a mouse model in which the ATM gene had a truncated mutation in the region of the commonly affected gene site in many ataxia-telangiectasia patients has been generated by Barlow et al. (8) . The homozygous ATM mutation (ATM -/-) mice demonstrate many by guest, on January 13, 2018 www.jlr.org Downloaded from characteristics common in the human ataxia-telangiectasia population, such as growth retardation, neurological dysfunction and lymphocyte maturation defects (8) . Fibroblasts from ATM -/-mice display a higher level of double-strand breaks and chromosomal aberrations than those obtained from the wild-type (ATM +/+ ) mice (9) . The heterozygous ATM mutation (ATM +/-) mice appear healthy. Similar to the human ATM +/-subjects, ATM +/-mice are spared most of the symptoms of the disease, but are predisposed to cancer (5) . In addition, ATM +/-mice show a greater sensitivity to irradiation-induced cataracts (10) and radiation oncogenesis (11) when compared to ATM +/+ controls.
In this report, we studied the effects of a heterozygous ATM mutation on plasma lipid levels and atherosclerosis intensity using the ATM +/-mice. mice were generated by Piedrahita et al. (12) and were backcrossed to C57BL/6 for over 10
generations. LDLR -/-mice were generated by Ishibashi et al. (13) Quantification of atherosclerotic lesions in the aorta. Under anesthesia, the mice were perfusion-fixed with 4% paraformaldehyde containing 20 μM butylated hydroxytoluene and 2
μM EDTA at a constant, near-physiological pressure (80 mmHg) (15) . After fixation, the heart and the aorta tree were removed from the body. The aorta was cut at 2 mm from the heart. The proximal aorta attached with the heart was used to prepare microscope sections as described previously (15) . Briefly, the heart was transversely sectioned immediately below and parallel with a plane formed by drawing a line between the atrial leaflets. The lower section of the heart was discarded, and the portion with the attached aorta was placed on a metal stub using optimal cutting temperature compound (Sakura Finetek USA, Torrance, CA) such that sectioning followed the line from the attached aorta towards the aorta root where the aortic valves were attached. Sections (8 μm (15) . The distal aorta (2 mm from the heart to the iliac bifurcation) was opened longitudinally using microscissors and was pinned flat on a black wax surface in a dissecting pan under a dissecting microscope (SMZ1000, Nikon Instruments Inc., Melville, NY). The en face preparation was fixed overnight and stained with Sudan IV (Sigma Chemical, St. Louis, MO). The photo-image of the aorta was captured with a CoolSnaps digital camera (Nikon Instruments Inc., Melville, NY) mounted on the SMZ1000 dissecting microscope. The total aortic area and the atherosclerotic lesion area were measured using a MetaMorph image system (Nikon Instruments Inc., Melville, NY). Data were expressed as the percentage of the aortic surface area covered by atherosclerotic lesions. All measurements were conducted in a double blind fashion, i.e., the person taking the measurements was not aware of the tissue sources, and animals associated with each tissue sample were only identified when all of the tissues had been analyzed.
Statistical analysis. The data were reported as mean ± standard error. (19, 20) . Cells lacking ATM have been shown to be defective in intracellular Ca 2+ mobilization and phosphatidylinositol 3-kinase activation (19) . Phosphatidylinositol-3-phosphate, which is abundant in endosomes, has been suggested to play a critical role in vesicle transport (21) . Interestingly, cells lacking ATM have been shown to accumulate uncharacterized lipid cytosomes and lysosomes (22) . In addition, the ATM protein has been shown to interact with β-adaptin (20), a component of the adaptor protein complex-2, which recruits soluble clathrin to the plasma membrane to form clathrin-coat. Clathrin-coated pit is a plasma membrane microdomain to mediate receptor-related internalization of molecules from the cell surface (for review, see ref. 21) . Thus, it is highly likely that the ATM protein participates in the endocytic process via its kinase activity to regulate the proteins and/or lipids that manage clathrin-coated pit formation and vesicle transport. Of interest, our data demonstrate that severe hypercholesterolemia occurs only when a heterozygous ATM mutation combines with a null ApoE mutation, suggesting that the endocytic pathway, in which ATM plays a part, does not need ApoE.
Under physiological conditions, ApoE, by binding to cell surface LDLR and LDLR-related protein (LRP), initiates receptor-mediated endocytosis (for a review, see ref. 23). In the absence of ApoE, the remnants of the ApoB100-carrying lipoproteins (e.g., LDL) can still be absorbed by liver cells through the ApoB100:LDLR interaction. However, chylomicron remnants that carry ApoB48 do not have a ligand for the LDLR or LRP, and therefore cannot be internalized via the endocytic pathway mediated by these receptors. It is notable, however, that the hypercholesterolemia observed among the ApoE-deficient mice fed a normal chow diet is maintained within narrow limits (between 400 and 600 mg/dl), despite the continuous generation of ApoB48-carrying remnants from the chylomicrons (12, 15) . Apparently, in the absence of ApoE, there are other pathways that can mediate the removal of ApoB48-carrying remnants from the circulation, albeit not as efficiently as the ApoE-mediated process. Previous studies have shown ApoE-independent mechanisms that mediate the uptake of lipoprotein remnants. For example, Magoori et al. (24) reported that mice with double deficiencies in ApoE and LRP-5 displayed severe hypercholesterolemia when compared to mice lacking ApoE alone, and that this hypercholesterolemia resulted mainly from an increased level of ApoB48-carrying remnants in the plasma (24) . However, a deficiency of LRP-5 alone had no significant effect on the plasma cholesterol level. These results suggest that LRP-5 mediates an
ApoE-independent catabolism of plasma lipoprotein remnants. One possible mechanism by which the ATM protein contributes to the catabolism of ApoB48-carrying lipoproteins might be related to the LRP-5-mediated endocytic pathway. It is likely that interaction of ApoB48-carrying lipoproteins with membrane receptors, such as LRP-5, may activate the cytoplasmic ATM via an unknown mechanism, the activated ATM in turn regulates the endocytosis of ApoB48-carrying lipoproteins through phophorylation of proteins such as β-adaptin and/or lipids such as phosphatidylinositol-3.
Another important observation in this report is that the ATM combination of a heterozygous ATM mutation and a null ApoE mutation, but not in the heterozygous ATM mutation alone or in the combined heterozygous ATM and null LDLR mutations. These observations suggest that ATM is involved in an ApoE-independent pathway to facilitate the catabolism of ApoB48-carrying remnants. Findings from this report might be clinically important because a heterozygous mutation at the ATM locus in humans might increase the risk of ischemic heart disease (6), and because heterozygous ATM carriers have been estimated to comprise about 1 -2 % of the general population (6) . 
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